Microsatellite instability (MSI) is a hallmark of mismatch repair (MMR) deficiency. High levels of MSI at mononucleotide and dinucleotide repeats in colorectal cancer (CRC) are attributed to inactivation of the MMR genes, hMLH1 and hMSH2. CRC with low levels of MSI (MSI-L) exists; however, its molecular basis is unclear. There is another type of MSIelevated microsatellite alterations at selected tetranucleotide repeats (EMAST)-where loci containing [AAAG] n or [ATAG] n repeats are unstable. EMAST is frequent in non-CRCs; however, the incidence of EMAST and its cause in CRC is not known. Here, we report that MutS homologue 3 (MSH3) knockdown or MSH3-deficient cells exhibit the EMAST phenotype and low levels of mutations at dinucleotide repeats. About 60% of 117 sporadic CRC cases exhibit EMAST. All of the cases defined as MSI-H (16 cases) exhibited high levels of EMAST. Among 101 non-MSI-H cases, all 19 cases of MSI-L and 35 of 82 cases of MSS exhibited EMAST. Although non-MSI-H CRC tissues contained MSH3-negative tumor cells ranging from 2% to 50% of the total tumor cell population, the tissues exhibiting EMAST contained more MSH3-negative cells (average, 31.5%) than did the tissues not exhibiting EMAST (8.4%). Taken together, our results support the concept that MSH3 deficiency causes EMAST or EMAST with low levels of MSI at loci with dinucleotide repeats in CRC. [Cancer Res 2008;68(20):8465-72] 
Introduction
Defects in the mismatch repair (MMR) system result in a mutator phenotype, manifesting as microsatellite instability (MSI) in DNA of affected cells. Colorectal cancers (CRC) exhibiting MSI can be classified as MSI-high (MSI-H) or MSI-low (MSI-L) based on frequency of mutations at microsatellite loci (1, 2) . MSI-H CRCs have been defined as those exhibiting MSI at a threshold of >30% to 40% of loci examined. These tumors are defective in MMR activity, usually following losses of hMSH2 or hMLH1 (1, 2) . Most Lynch syndrome CRC tumor specimens with germline mutations in hMSH2 or hMLH1 exhibit MSI-H (3), as do all sporadic CRCs where the hMLH1 gene has been silenced by promoter hypermethylation (4) . Microsatellite loci containing mononucleotide, dinucleotide, trinucleotide, and tetranucleotide repeats may be affected in MSI-H tumors (1) .
MSI-L CRCs have mutations at <30% to 40% of microsatellite loci and are usually found in nonfamilial cases (1, 2) . These cancers rarely exhibit MSI in loci containing mononucleotide repeats (1); however, they often exhibit MSI at the MYCL1 locus, which harbors [AAAG] n tetranucleotide repeats (2, 5) . In many noncolorectal human cancers, a subset of tumors shows high-frequency or lowfrequency MSI at loci containing mononucleotide or dinucleotide repeats, similar to MSI-H and MSI-L colorectal tumors, respectively (2) . However, there is another type of MSI where mutations rarely occur at loci with mononucleotide or dinucleotide repeats but occur frequently at loci with trinucleotide or tetranucleotide repeats (2, 6) . Increase in instability at certain tetranucleotide repeat markers containing [AAAG] n or [ATAG] n is frequently found in non-small cell lung (7, 8) , head and neck (8) , bladder (8) (9) (10) , kidney (8) , skin (9) , and ovarian (11) cancers. This mutational signature has been termed elevated microsatellite alterations at selected tetranucleotide repeats (EMAST; ref. 2) . Both MSI-L and EMAST rarely exhibit MSI in loci consisting of mononucleotide repeats, but frequently exhibit MSI in loci containing [AAAG] n repeats, suggesting that MSI-L and EMAST may share a similar molecular basis. However, the mechanisms underlying MSI-L and EMAST are not known (11, 12) .
To date, six MMR genes have been identified in eukaryotic cells. These include three homologues of the Escherichia coli MutS gene, MSH2, MSH3, and MSH6, and the MutL homologues, MLH1, PMS2, and MLH3 (13) . According to the current model, DNA mismatch recognition is mediated by MutSa, a heterodimer of MSH2 and MSH6, or MutSh, a heterodimer of MSH2 and MSH3 (14) (15) (16) . MutSa recognizes the majority of base/base mismatches (14) (15) (16) . Both MutSa and MutSh recognize small insertion/deletion loops (IDL) with up to 10 unpaired nucleotides (17, 18) . In yeast, although both MutSa and MutSh play a role in repairing IDLs containing one and two unpaired nucleotides (16, 17) , MutSh plays a more dominant role in repairing IDLs with more than four unpaired nucleotides (19) . In humans, both MutSh and MutSa are competent for repairing IDLs containing 1 to 10 unpaired nucleotides (18, (20) (21) (22) (23) , but MutSh has a stronger affinity for recognizing more than two unpaired nucleotides (18, 21) .
Furthermore, genetic complementation of MSH3 deficiency in human cells increased stability at loci containing dinucleotide and tetranucleotide repeats (22) . Thus, it seems plausible that loss of MutSh due to MSH3 inactivation in human cells may result in MSI not only at loci containing dinucleotide repeats, but also at loci with tetranucleotide repeats, such as EMAST loci.
In this study, we first addressed whether down-regulation or loss of MSH3 results in instability at EMAST and other loci containing mononucleotide and dinucleotide repeats. To answer this question, we generated MSH3-positive and MSH3-negative cell lines and examined them for stability at mononucleotide and dinucleotide microsatellite and EMAST loci. We then examined whether MSI at EMAST loci is common in CRC and determined the relationships between EMAST and MSI-H, MSI-L, and MSS status in CRC as defined by five consensus National Cancer Institute (NCI) microsatellite markers, including BAT25, BAT26 D2S123, D5S346, D17S250, plus two additional dinucleotide markers (D18S64 and D18S69). Finally, we analyzed CRC tissues for expression of MSH3 by immunohistochemical (IHC) staining using an anti-MSH3 antibody. Our data show that MSH3 deficiency is associated with EMAST and low levels of instability at the loci with dinucleotide repeat in both cell lines and CRC tissues.
Materials and Methods
Cell culture. The human CRC cell lines, HCT116 and HCT116+3-clone 6, were described previously (24) . HCT116 cells were grown in DMEM with 10% fetal bovine serum. HCT116+3-clone 6 was grown in growth medium plus 400 Ag/mL G418 (24) . Mouse A9 cells containing a blasticidin-resistant gene-marked human chromosome 5 (A9+5; ref. 25) were maintained in growth medium containing 6 Ag/mL blasticidin S (Invitrogen). The human CRC cell line WiDr was maintained in growth medium containing 10% serum.
Microcell-mediated chromosome transfer. The method for microcellmediated chromosome transfer has been described (24) . Microcells isolated from A9+5 cells were fused to HCT116 and HCT116+3. After 24 h, the cells were trypsinized, pelleted, resuspended, and plated into growth medium containing 6 Ag/mL of blasticidin S. After 10 d, growing colonies were isolated, expanded, and analyzed for hMSH3 expression.
Single-stranded conformational polymorphism analysis. Genomic DNA isolated from A9+5, HCT116, HCT116+3, HCT116+5, and HCT116+3+5 was subjected to PCR amplification of hMSH3 exon 7. Primers used were a forward primer (5 ¶-GAGATAATGACTGATACTTCTACC-3 ¶) and a reverse primer (5 ¶-CATTTGTTCCTCACCTGCAAAG-3 ¶). Samples were heated to 85jC for 5 min, loaded onto 20% Tris-borate EDTA (TBE) gel (Invitrogen), and run at 300 V and 9jC. The gel was silver-stained with a SilverXpress kit (Invitrogen).
cDNA isolation and sequencing. Total mRNA was isolated from normal human lymphocytes, HCT116+3, HCT116+5, and HCT116+3+5 using a QuickPrep total RNA extraction kit (GE Healthcare). Oligo dT-primed cDNAs were synthesized from 2 Ag total RNA using a First-Strand cDNA Synthesis kit (Invitrogen). hMSH3 cDNA was prepared by reverse transcriptase using a forward primer (5 ¶-GACTGTTTGTTCATGTACGC-3 ¶) and a reverse primer (5 ¶-ACTATCAAACACAACCTCGC-3 ¶) and sequenced using an ABI PRISM dye terminator kit with an ABI 373 fluorescent sequencer (Applied Biosystems).
Western blot analysis. Anti-hMSH3 monoclonal mouse antibody (Clone 52) and anti-hMLH1 mouse monoclonal antibody (Clone G168-728) were obtained from BD Biosciences PharMingen. Heat-denatured cell lysates (50 Ag) were subjected to electrophoresis in a 10% polyacrylamide gel with sodium dodecyl sulfate. Separated proteins were electroblotted to a polyvinylidene difluoride membrane. The membrane was treated with primary antibody followed by treatment with horseradish peroxidaseconjugated goat anti-mouse IgG. Horseradish peroxidase was detected by exposure to film with ECL reagent (GE Healthcare) and visualized by the Storm imaging system. As a positive control, an extract from the human CRC cell line, WiDr, was used.
Vector construction, DNA transfection, and small interfering RNA expression. The tetracycline-regulated retroviral vector, TMP (Open Biosystems) was used to construct a plasmid expressing small interfering RNA (siRNA) against the hMSH3 message. The vector contains a tetracycline regulated Pol II promoter that directs expression of downstream genes, including a puromycin resistance gene and GFP genes under the regulation of the transcription factor tTA. Construction of the siRNA expression plasmid was performed according to the manufacturer's protocols. Nineteen coded oligonucleotides (5 ¶-GCAAGGAGTTATGGAT-TAA-3 ¶) in exon 23 of the hMSH3 gene (26) were inserted into the TMP vector. The resulting vector (pMSH3si) was clone purified, and the inserts were verified by DNA sequencing. The HCT116+3+5 cells were cotransfected with a pMSH3si plus pTet-off vector (BD Biosciences) encoding tTA using Effectene transfection reagent (QIAGEN). After transfection, the cells were selected using 0.6 Ag/mL of puromycin for 10 d. The resulting clones were isolated and examined under a fluorescent microscope to detect GFP expression. To turn off the expression of the siRNA, 100 ng/mL of doxycycline (Dox; BD Biosciences) was added to the culture medium.
Single-clone microsatellite assay. The method for single-cell MSI assay has been described (24) . Genomic DNA from single clones was subjected to DNA amplification and microsatellite analysis, as described below. The microsatellite markers used for this assay were BAT25, BAT26, D2S123, D5S346, D17S250, D17S791, MYCL1, D19S394, and D9S242.
Tissue and DNA extraction. One hundred seventeen unselected sporadic CRCs and corresponding normal tissues were collected at the University of California San Diego (UCSD) under Institutional Review Board approval. For DNA extraction, tumor and normal tissues were microdissected separately from paraffin-embedded sections (5 Am) according to procedures previously described (27) . Genomic DNA was isolated from microdissected tissues using GenReleaser (Bioventures, Inc.) and treated with proteinase K. A second cohort of 88 unselected sporadic CRCs (bearing ''CR'' in their identifiers) and corresponding normal tissues were collected from patients treated at Toho University Ohmori Hospital (Tokyo).
DNA amplification and microsatellite analysis for CRC tissues. Two methods were used for microsatellite analysis. In the first method, genomic DNA was amplified and labeled with radioisotope by 35 to 40 cycles of PCR, as previously described (27) . After denaturation in formamide at 95jC for 5 min, PCR products were separated on an 8% polyacrylamide gel containing 7.5 mol/L urea and exposed to X-ray films. The resulting band images between tumor and normal samples were visually compared. In the second method, PCR amplifications were performed from genomic DNA using fluorescently labeled primers. After heat denaturation, amplified PCR products were electrophoresed on an ABI PRISM 3100 Avant Genetic Analyzer (Applied Biosystems) and analyzed by GeneMapper fragment analysis software (Applied Biosystems). Five markers with dinucleotide repeats (D2S123, D5S346, D17S250, D18S64, and D18S69), two markers with mononucleotide repeats (BAT25 and BAT26), and seven EMAST markers (MYCL1, D20S82, D20S85, L17835, D8S321, D9S242, and D19S394) were used. The primer sequences and PCR conditions for D2S123, D5S346, D17S250, D18S64, MYCL1, and L17835 were described previously (1, 7). Those of D18S69, D20S82, D20S85, D8S321, D9S242, D18S64, and D19S394 were found in the genome database. Tumors were categorized as follows: (a) MSI-H, tumors exhibiting MSI at three or more of the seven mononucleotide or dinucleotide; (b) MSI-L, tumors exhibiting MSI at one or two of the seven markers; (c) MSS, tumors which did not exhibit MSI at any of the seven markers; (d) EMAST, tumors exhibiting MSI at more than one locus among the seven EMAST markers; and (e) non-EMAST, tumors which did not show MSI at any of the EMAST markers.
MSH3 IHC. Nineteen cases (UCSD cohort) and 27 cases (Toho cohort) were subjected to MSH3 IHC. Paraffin-embedded tissues were deparaffinized and rehydrated. After antigen retrieval [121jC for 15 min in 0.01 mol/L citrate buffer (pH 6.0)], the tissues were treated with anti-MSH3 antibody (28) overnight at 4jC, followed by incubation with secondary antibody. Staining was developed by diaminobenzide chromogen and /MLH1 + ), we measured mutation frequencies at these loci using a single-clone microsatellite assay. One hundred sixty-five clones from HCT116+3 were analyzed. No mutations were detected in the BAT26 locus, suggesting that transfer of wild-type hMLH1 corrects MSI at mononucleotide repeats (Table 1 and Supplementary Table S1 ). D17S791, which contains [CA] n repeats, showed significantly lower levels of instability in HCT116+3 than were observed in HCT116. In contrast, a comparable mutation frequency was observed at EMAST loci in HCT116+3 and HCT116, including MYCL1, D19S394, and D9S242 (Table 1 and Supplementary Table S1 ). These results suggest that complementation of an MLH1 defect via chromosome 3 transfer stabilizes loci containing [A] n and [CA] n repeats and fails to stabilize EMAST loci in HCT116.
Because HCT116 contains homozygous frameshift mutations of the [A] 8 repeat in exon 7 of the hMSH3 gene (22), we examined the effects of introduction of a normal copy of hMSH3 into HCT116 and HCT116+3 via chromosome 5 transfer. Human chromosome 5 tagged with a blasticidin-resistant gene (25) was transferred from mouse A9 hybrid cells to HCT116 and HCT116+3 using microcell fusion. Several blasticidin-resistant clones were isolated and analyzed for presence of a wild-type hMSH3 gene by single-strand conformational polymorphism (SSCP) analysis. As shown in Fig. 1A, HCT116+5 and HCT116+3+5 contained the wild-type (W) hMSH3 allele observed in the chromosome donor (A9+5), in addition to a mutated allele (M). In contrast, HCT116 and HCT116+3 contained only the mutated allele. cDNA sequence data for exon 7 from normal human lymphocyte cells, HCT116, HCT116+3, HCT116+5, and HCT116+3+5, revealed that HCT116+5 and HCT116+3+5 expressed wild-type and mutant MSH3 mRNA (Fig. 1B) . The expression of MSH3 was detected in WiDr, HCT116+5, and HCT116+3+5 but not in HCT116 or HCT116+3 by Western blotting (Fig. 1C) . These results indicate that in HCT116+5 and HCT116+3+5, the transferred hMSH3 is expressed at the mRNA and protein level.
We then determined whether expression of MSH3 correlates with stabilization of microsatellite loci in HCT116+5 (MSH3 + / MLH1 À ) and HCT116+3+5 (MSH3 + /MLH1 + ) by performing singleclone MSI assays. HCT116+5 exhibited high levels of MSI at all loci examined, suggesting that lack of MLH1 expression results in MSI not only at loci with [A] n and [CA] n repeats but also at EMAST loci. In contrast, complete stabilization was observed at all microsatellite loci in HCT116+3+5 (Table 1) . When HCT116+3+5 was compared with HCT116+3, the presence of MSH3 significantly correlated with stabilization of the EMAST loci MYCL1 (P < 0.0001) and D9S242 (P = 0.047) and strongly correlated with stabilization of D19S394 (P = 0.054; Table 1 and Supplementary Table S1 ). These results indicate that restoration of the expression of MSH3 by chromosome 5 transfer into HCT116+3 is associated with stabilization of EMAST loci.
To provide direct evidence for a role of MSH3 on instability of EMAST loci, we constructed an HCT116+3+5 cell line whose MSH3 was down-regulated by siRNA expression targeted to its message. To generate this cell line, we constructed an MSH3-siRNA expression vector (pMSH3si) containing 19 coded nucleotides in exon 23 of the hMSH3 locus (26) . The cells were cotransfected with pMSH3si and pTet-Off plasmids and selected with puromycin. Drug-resistant clones were isolated and subjected to fluorescent microscopy to detect expression of GFP. GFP-positive clones were further subjected to Western blot analysis for MSH3 expression. As shown in Fig. 1C , clone G5 revealed down-regulated MSH3. Reexpression of MSH3 was seen when G5 cells were cultivated in the presence of Dox (Fig. 1C) . Comparing G5 cells with G5 cells exposed to Dox, there was no difference in the expression levels of any of the other MMR proteins, including MLH1 (Fig. 1C) , MSH2, and MSH6 (not shown). These results indicate that down-regulation of MSH3 can be specifically controlled by the expression of MSH3-specific siRNA. We next isolated f70 independent clones each from G5 cells and G5 cells exposed to Dox during clonal growth and performed single-clone MSI analysis for five consensus NCI markers (BAT25, BAT26, D2S123, D5S346, and D17S250) and three EMAST markers (MYCL1, D19S394, and D9S242). As shown in Table 2 , the MSI pattern obtained in clones from MSH3-negative G5 cells is similar to that of HCT116+3 clones. Both exhibited complete stability at loci containing mononucleotide repeats, low levels of instability at loci containing dinucleotide repeats, and high levels of instability at the EMAST loci (Tables 1 and 2 ). Average frequencies of mutation at EMAST loci including MYCL1, D19S394, and D9S242 and at dinucleotide repeat loci including D2S123, D5S346, and D17S250 in MSH3-negative cells were 10.3% and 1.9%, respectively, suggesting that EMAST loci are nearly five times as unstable as dinucleotide repeat loci when MSH3 is absent. Reexpression of MSH3 in G5 cells by Dox greatly decreased frequency of mutations at all loci with [CA] n repeats and at EMAST loci (Table 2) .
We found no significant effect of MSH3 deficiency on the stability of dinucleotide repeats D2S123, D5S346, and D17S250 when each locus was subjected to Fisher's exact test individually. However, a statistically insignificant but stronger effect was found when all three loci were combined for analysis (P = 0.056; Table 2 ). A, hMSH3 SSCP analysis. DNA from A9+5, HCT116, HCT116+3, HCT116+5, and HCT116+3+5 was subjected to PCR using hMSH3 -specific primers, and the PCR products were denatured and separated on an TBE gel. A9+5, HCT116+5, and HCT116+3+5 contain wild-type bands (W ) in addition to mutated bands (M These results suggest that a larger sample may be needed to detect significant MSI in MSH3-negative cells at [CA] n repeat loci because of the low level of instability at these loci. A significant effect of MSH3 deficiency was detected at MYCL1 (P = 0.0008) and D19S394 (P = 0.006) and the three EMAST loci combined (P < 0.00001). Taken together, the results indicate that loss of MSH3 results in a high degree of instability at EMAST loci and in a lower degree of instability at microsatellites with [CA] n repeats.
High incidence of EMAST tumors in human CRC. The above results suggest that some MSI-L in CRC may be due to MSH3 deficiency. If this is the case, our results predict that these MSI-L tumors will exhibit MSI at EMAST loci. To test this, we performed experiments to determine whether MSI at EMAST loci is common in clinical CRC specimens and examined its relationship to MSI-H, MSI-L, and MSS status defined by consensus NCI microsatellite markers.
Paired normal and tumor tissues from 117 unselected sporadic CRC cases were collected at the UCSD. DNA from these samples was analyzed for MSI using five consensus NCI microsatellite markers (BAT25, BAT26, D2S123, D5S346, D17S250) plus D18S64 and D18S69. Analysis identified 16 MSI-H cases (13.7%), 19 MSI-L cases (16.2%), and 82 MSS cases (70.1%; Table 3 ; Supplementary Fig.  S1 ). We analyzed all cases for MSI at the seven EMAST loci, including MYCL1, D20S82, D20S85, L17835, D8S321, D9S242, and D19S394. Tumors showing MSI in at least one EMAST locus were categorized as MSI-H/EMAST, MSI-L/EMAST, or MSS/EMAST. MSS tumors that did not show MSI at any EMAST markers were defined as MSS/non-EMAST. Seventy of the 117 CRC cases (60%) exhibited mutations in at least one EMAST locus (Table 3) . All MSI-H cases (16 cases) and MSI-L cases (19 cases) and 35 of 82 MSS cases were positive for EMAST, indicating that this mutational signature is common in CRC. MSI-L is always associated with EMAST in CRC. This was found to be the case for the MSH3-deficient cell line described above (Tables 1 and 2 ). These results support the idea that MSI-L may be caused by MSH3 deficiency. It has been reported that many, perhaps most, MSS CRC tumors are MSI-L (29, 30). Therefore, it is possible that the majority of the MSS/EMAST cases found in this study could be identified as MSI-L/EMAST if additional dinucleotide markers were examined. If this is the case, 46% of CRC (19 cases of MSI-L/EMAST and 35 case of MSS/ EMAST) could be affected by MSH3 dificiency.
In MSI-H/EMAST cases, the high frequency of mutations at EMAST loci can be entirely explained by MLH1 deficiency. As all are sporadic CRCs, it is likely that the MSI-H cases contain hypermethylated hMLH1 alleles (27) . Moreover, the results of the MSI assay for HCT116+5 and HCT116+3+5 suggest that MLH1 deficiency results in a high frequency of mutations at EMAST markers (Table 1) . Thus, our results suggest that the MSI-H/EMAST phenotype may be caused by MLH1 deficiency.
Association of EMAST with down-regulation of MSH3 expression in CRC tissues. To determine whether MSI-L/EMAST and MSS/EMAST tumors exhibit loss or down-regulation of MSH3, we performed IHC staining on 46 CRC tissues for the expression of the MSH3 protein. Because only 19 cases from our UCSD cohort were available for IHC studies, an additional 27 samples were obtained from a second cohort of 88 sporadic CRC cases collected at Toho University. These 27 cases were analyzed for MSI using the same panel of seven NCI markers and seven EMAST markers ( Fig. 2 ; details of our analysis of these tumors will be published elsewhere).
In total, 6 cases of MSI-L/EMAST, 27 cases of MSS/EMAST, and 13 cases of MSS/non-EMAST CRCs were stained with a rabbit anti-MSH3 polyclonal antibody (28) . As a positive control for MSH3 negativity, we stained CRCs known to be negative for MSH2 expression, because MSH3 is unstable and not detected in these tumors. By immunostaining, we could readily distinguish between MSH3-positive and MSH3-negative cells. In the majority of EMAST cases, we observed patchy staining for MSH3. Although MSH3-negative cells tend to be seen in clusters, MSH3-positive cells are found adjacent to MSH3-negative cells (Fig. 3) . The sporadic and heterogeneous MSH3 expression in EMAST cases is quite different from what was observed in MSH2-negative cases, where loss of MSH3 is clonal and homogeneous. Because there were obvious differences in the number of MSH3-negative cells among our cases, we determined the percentage of MSH3-negative cells in a given sample by counting f6,000 tumor cell nuclei. A significant difference in the presence of MSH3-negative cells was found between EMAST and non-EMAST tumors when the average percentage of MSH3-negative cells for EMAST (31.5%; 95% confidence interval, 29.3-33.7) and the average percentage of MSH3-negative cells for non-EMAST (8.4%; 95% confidence interval, 4.8-11.9) were compared using Student's t test (P < 0.0001). This shows that EMAST tumors contain significantly more MSH3-negative cells than do non-EMAST tumors. Based on the above, we defined tumors as MSH3-positive if MSH3-negative cells occupy <15% of all tumor cells. If MSH3-negative cells occupy >15% of the cellular population, the tumors were defined as MSH3-negative.
We next analyzed all 163 CRC cases for frameshift mutations at exon 7 of the hMSH3 gene by fragment analysis and found no evidence of mutations, except in five MSI-H tumors ( Fig. 2 and Supplementary Fig. S1 ). These results were expected because frameshift mutations in the [A] 8 repeat are secondary to a previously occurring defect in the hMLH1 gene (28) .
Despite a significant association between the quantity of MSH3-negative cells and the EMAST phenotype, it is not clear how MSH3 negativity relates to EMAST in CRC tissues. As mentioned above, in most EMAST tumors, MSH3-positive and MSH3-negative cells are interspersed (Fig. 3) . A possible explanation for this is that MSH3 negativity is a reversible trait. If this is the case, we may find some MSH3-positive cells exhibiting EMAST. To test this possibility, three cases of EMAST/MSH3-negative CRCs (samples 92, 113, and 118) and four cases of non-EMAST/MSH3-positive CRCs (samples CR058, CR337, CR067, and 115) were analyzed. EMAST profiles were examined from two to three locations within each tumor. Three EMAST/MSH3-negative tumors were found to Abbreviations: EMAST, a tumor with more than one EMAST marker exhibiting mutation; non-EMAST, a tumor with no mutations in any of seven EMAST markers examined.
contain subregions with a high percentage of MSH3-negative cells (31-79%), as well as a subregion with a high percentage of MSH3-positive cells (90-96%; Supplementary Fig. S2 ). DNA was isolated from each of these regions and subjected to EMAST analysis. In all three cases, MSI was detected in the MSH3-negative regions, as well as in the MSH3-positive regions ( Supplementary Fig. S2) . The same or similar loci were affected in both the positive and negative regions, indicating that the tumor cells residing in each region shared the same EMAST ancestor cells.
These results support the concept that down-regulation of MSH3 may be reversible. We also analyzed four cases of non-EMAST/MSH3-positive CRC for the presence of local EMAST. In all cases except CR058, tissues were uniformly occupied by a high level of MSH3-positive cells (90-99%). Three randomly chosen regions of CR337, CR067, and 115 tumors were analyzed for EMAST. MSI was not detected in any of the subregions of these three tumors (Supplementary Fig. S2 ). In contrast, tumor CR058 was found to contain an MSH3-negative subregion and MSH3-positive regions. MSI was detected in MSH3-negative regions, but Fig. S2 ). Taken together, these results suggest the following: in EMAST/MSH3-negative tumors, down-regulation of MSH3 expression and its consequence, the appearance of EMAST, may take place in the tumor progenitor cell before or during the latest clonal expansion. This is followed by reexpression of MSH3 in some progeny cells. Thus, MSH3-negative and MSH3-positive progeny have an MSI signature similar to that of their ancestor cells. In non-EMAST/MSH3-positive tumors, a tumor progenitor cell would not have experienced down-regulation of MSH3 before the last clonal expansion. The presence of the local EMAST cells found in CR058 could be explained by down-regulation of MSH3 in local progeny cells.
What might be the mechanistic basis for reversible expression of MSH3? It has been reported that hypoxia down-regulates MMR proteins in human tumor cell lines (31) . Our preliminary experiments show that hypoxia down-regulates MSH3 expression and reoxygenation induces reexpression of MSH3 in tissue cultured cells (data not shown). Furthermore, overexpression of glucose transporter-1, an indicator of hypoxic response (32), correlates with MSH3 negativity and EMAST in the CRC tissues examined in this study. An intensive investigation to determine the exact roles of hypoxia and reoxygenation for MSH3 expression and EMAST is under way in our laboratory.
Possible effect of MSH3 deficency on CRC. A mouse model of MSH3-deficiency showed that the MSH3 defect might cause late onset MSI-positive gastrointestinal cancers (33) , suggesting that MSH3 deficiency could contribute to tumor initiation. Families of late onset CRC with MSI-L or MSS exist (34) . Therefore, it would be interesting to determine whether these families carry MSH3 germline mutations. MSH3 deficiency is also associated with progression of disease (28, 35) . MSI-L CRCs have poor clinical outcomes (34, (36) (37) (38) , raising the possibility that MSH3 deficiency might contribute to metastasis in CRC. Certain genes containing dinucleotide, trinucleotide, or tetranucleotide repeats in their 5 ¶ promoter, coding, and/or 3 ¶ untranslated regions could be mutational targets of MSH3 deficiency, whose mutation might contribute to initiation or progression of tumors (38, 39) .
MutSh is involved in repairing interstrand cross-links (40) . Our preliminary experiments using the MSH3-positive and MSH3-negative cells generated in this study indicate that MSH3-deficient cells are more sensitive to cisplatin treatment. Information obtained from this line of study may contribute to the rationale for platinum-based adjuvant treatment for CRC with and without MSH3-negative tumor cells.
The existence and significance of MSI-L CRCs have been the subject of debate, mainly due to our lack of knowledge of the molecular features which distinguish them from MSI-H or MSS CRCs (2, 12) and the ambiguity of the definition of MSI-L (30). We have found that MSI-L CRCs and a substantial number of MSS CRCs (f43%) were MSH3-negative EMAST tumors. Therefore, our results raise a possibility that sporadic non-MSI-H CRCs could be recategorized as MSH3-negative EMAST tumors or MSH3-positive non-EMAST tumors. Further studies are needed to establish the validity of this classification.
Overall, our data show that loss of MSH3 is associated with instability at EMAST loci and low levels of instability at microsatellite loci with dinucleotide repeats in both cell lines and CRC tissues. Further studies are needed to determine the pathologic significance of MSH3 deficiency on CRC formation.
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